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00 !* 4) ™ e: NITRIDE-BASED TRANSISTORS AND METHODS OF FABRICATION THEREOF USING NON-ETCHED CON- 
TACT RECESSES 

g (57) Abstract: Contacts for a nitride based transistor and methods of fabricating such contacts provide a recess through a regrowth 
O C ° nt f 15 m fonned in recess - The ^growth process includes fabricating a first cap layer comprising a Group 

<N ™- nltnde semiconductor material. A mask is fabricated and patterned on the first cap layer. The pattern of the mask corresponds to 
the pattern of the recesses for the contacts. A second cap layer comprising a Group IE-nitride semiconductor material is selectively 
U fabncated £g. grown) on the first cap layer utilizing the patterned mask. Additional layers may also be formed on the second 
^ y f 7 T y rem ° Ved l ° Pr ° Vide recess ( es > 10 f he first cap layer, and contact(s) may be formed in the recess(es). 

^ Altemanvely, the mask may compnse a conductive material upon which a contact may be formed, and may not require removal 
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■i-v <tt5 a xtq-tctorS AND METHODS OF FABRICATION 
» ACT ****** 
p^^AT gn APPLICATIO N 

• e -.i Ho 60/396 236 (Attorney Docket No-. 5308-248PR), tilea 

Fj£i^OFjnffi^®SIQN 
^^e,— Kl — tordevicesmdmoreparticulariy, 

to listers that incmporaie nmide-based active layers. 

• «on relates to transistors formed of semiconductor matenals 
0 Tie preset nrvenuon relates md /or high frequency 

^cations. Materials such as « 0 - = ^ ^ ^ 

^■^ ta 7rr^^ L— materials tnaynof 
lo wer frequency apphcaaon, these more _ ^ ^ 

of thek relatively small bandgaps (eg., 1.12 eV tor 

„ \ stiH/ot relatively small breakdown voltages, 
temperature) md/or relattvety ,, hvSian4G aAa, interest in high power, . 

h hght of me difficulties presented by St and G 

j • . . ■ h frpnuencY applications and devices Has mm 
^ ^rXlcon carbide (2.996 eV for alpha SiC a, 

,00m temperature) and me ^ field brrakdoW n 

• .i. ««* Flection Mobility Transistor (HfcJVUJ, wmwi 
applications is the High Electron M V ^ devices ma y offer 

as a modulation doped field effect transistor (MODFET). 
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operational advantages under a number of circumstances because a two-dimensional 
electron gas (2DEG) is formed at the heterojunction of two semiconductor materials • 
with different bandgap energies, and where the smaller bandgap material has a higher 
electron affinit y. The 2DEG is an accumulation layer in the undoped ("unintentionally 
doped"), smaller bandgap material and can contain a very high sheet electron 
concentration in excess of, for example, 10 13 carriers/cm 2 . Additionally, electrons 
that originate in the wider-bandgap semiconductor transfer to the 2DEG, allowing a 
high electron mobility due to reduced ionized impurity scattering* 

This combination of high carrier concentration and high carrier mobility can 
give the HEMT a very large transconductance and may provide a strong performance 
advantage over metal-semiconductor field effect transistors .(MESFETs) for high- 
frequency applications. 

High electron mobility transistors fabricated in the gallium nitride/aluminum 
gallium nitride (GaN/AlGaN) material system have the potential to generate large 
amounts of RF power because of the combination of material characteristics that 
includes the aforementioned high breakdown fields, their wide bandgaps, large 
conduction band offset, and/or high saturated electron drift velocity. A major portion 
of the electrons in the 2DEG is attributed to polarization in the AlGaN. 
HEMTs in .the GaN/AlGaN system have already been demonstrated. U.S. Patents 
5,192,987 and 5,296,395 describe AlGaN/GaN HEMT structures and methods of 
manufacture. U.S. Patent No. 6,3 16,793, to Sheppard et al., which is commonly 
assigned and is incorporated herein by reference, describes an HEMT device having a 
semi-insulating silicon carbide substrate, an aluipinum nitride buffer layer on the 
substrate, an insulating gallium nitride layer on the buffer layer, an aluminum gallium 
nitride barrier layer on the gallium nitride layer, and a passivation layer on the 
aluminum, gallium nitride active structure. 

One issue with the fabrication of nitride-based transistors involves the 
formation of ohmic contacts for such transistors. Conventionally, ohmic contacts 
have been formed through reactive ion etching (RTE) recesses for the contacts. 
However, without strict process control practices, RIE in nitride based materials may 
suffer from uniformity and reproducibility problems. Such problems could result in 
difficulty in controlling a fabrication process. Ohmic contacts that are formed without 
RIE have, typically, used high annealing temperatures {e.g. 900 °C). Such high 
annealing temperatures may damage the materials and/or the device. 
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aafflgia tnvt=,ntion 

^or and medaoda of fabricating such contact by providing a recess «bog a 
^wthprocess. The contact are formed in doe receas. The regrowth process 

JLes beating a firs, cap iayer cooing a D«, ™e 

^ A^iafah^edandpa^edon^e^cap^ Tnepa^ 

mask corresponds to the partem of the recesses for the conUCa A second ^ . 
uprising a Group m-nitride semiconductor material is selecUvely fabneated (,g. 
*^osvh) orTthe first cap layer utilizing the patterned mask. Additional layers may also 
, r.ldonmesecondcaplayer. The mas, may be remov ed to ^ 

to the first cap layer, and contacts) maybe formed in the recess(es). Ahemanv*. 

L n*sx may comprise a material (conductive or insulafing) upon vduch a contact 

may be formed, and may not require removal. 

h.pardcmax.msomeembodimentsofthepresentmveunon.amtnde-based 

5 Viator, e.g„ a mgheiectron mobility translator (HEM!) is '™ 

>ased channel layer ia formed on a substrate, with or without a buffer layenA , 
a^a-based semiconductor first cap layer ia formed on the mhrde-based channel 
I yer Amash ia formed to cover a firstporfion of me firat cap layer aad expose an 
layer. , n „i,~ A nitride-based semiconductor second 

. adjacent second portion of the firat cap layer. A mm 
,0 cat layer ia formed on me exposed portion of the firs, cap layer usmgth mast, . g 
Iglepttaxiaigrovrthproeeascouafiainedbymemaa.. A recess la formed on the 

« portion of the firat cap layer adjacent me second cap layer, for — * 
moving the mas, to expose me East cap layer or by using a conduce mash upon 
2 hthe second cap layer doesnot form. .One of an ohrmc contact or a gate^ 

_,s;„„ aote contact or ohnnc contact is formed. 
25 ia formed in the recess, and a corresponding gate contact 

The nitride-based channel layer, the ninide-based sermconductor firs, cap 
layeI and the nitride-based semiconductor second caplayermay eachinclude 
Joup-m nitride layer, for example, me ch^nellayer may have a composmon of 

Wgap of the firat cap layer. Similarly, the firat cap iayer may mclude AUG^N 
wherein0<x<l. 
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■ The mask may be formed by, for example, patterning a mask layer using a lift- 
off technique or a wet-etch technique. The mask may be formed from, for example, a 
silicon oxide (SiOx) material, a silicon nitride (SiNx) or an aluminum nitride (A3N) 
based material. 

5 The second cap layer may include the same material as the first cap layer. For 

example, the first and second cap layers may include AlGaN, and wherein the first 
cap layer has. a higher concentration of Al than the second cap layer. A combined 
thickness of the first and second cap layers may be about 25 nm. 

An additional layer may be formed on the second cap layer. The additional 
10 layer may include, for example, a GaN cap layer, an insulating layer, and/or a 
compositionally graded transition layer. 

In further embodiments of the present invention, a contact for a nitride-based 
microelectronic device may be provided. A nitride-based semiconductor first layer is 
formed on a substrate. A mask is formed to cover a first portion of the first layer and 
1 5 expose an adjacent second portion of the first layer. A nitride-based semiconductor 
second layer is formed on the exposed portion of the first layer using the mask. A 
recess is formed on the first portion of the first layer adjacent the second layer. A 
contact is formed in the recess. The first and second layer may comprise respective 
Group m-nitride layers. 
20 According to additional embodiments of the present invention, a transistor 

includes a nitride-based channel layer on a semi-insulating substrate, a nitride-based 
semiconductor first cap layer on the nitride-based channel layer and a grown nitride- 
based semiconductor second cap layer on the first cap layer. An ohmic contact or a 
gate contact is disposed directly on the first, cap layer, adjacent a sidewall of the 
25 grown second cap layer, and a coiTesponding gate contact or ohmic contact is 

disposed on the substrate, for example, on the first cap layer and/or the second cap 
layer. The first and second cap layers may comprise respective Group Hi-nitride 
layers. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

Figures 1A-1E are schematic drawings illustrating fabrication of ohmic 
contacts in a transistor according to embodiments of the present invention. 

Figure 2 is a schematic illustration of a transistor according to embodiments 
of the present invention- 
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' Kgnre3 isa S chcmaticmB S tationofati a0 sistor a c<:or<togtoftxth e r 

embodiments of the present invention. 

Figure 4 is a schematic illustration of a transistor haying a regtown gate 
recess according to embodiments of the present invention. 

Figure 5 is a schematic illustration of a transistor according to some 
embodiments of the present invention. 

Figure 6 is a schematic illustration of a transistor aceordmg to further 
embodiments of the present invention. 

BEj^^B^ESCEffigOHOEaffiOBttffiN TS OF THE MVgrn aM 
The present invention now will be described more felly hereinafter, wrth 
reference to the accompanying drawings, in which preferred embodiments of the 
invention are shown. This invention may, however, be embodied in many dtfferen. 
forms and shonldnot be construed as limited to the embodiments set forth herern; 
; raher, drese embodiments are provided so drat mis disclosure win * « ^ 
complete, and will ft* convey me scope of me invention to mose silled rn the 
^enumberarefertoUaeCementsthrou^out. Furthermore, the vanous layers and 

redone illustrated in the figures are illustrated schematically. Accordingly the 
plentmvenfionisnotlimitedtomere.a.ve^spaonagandan^u^ 

0 m the accompanying ngures. As will also be appreciate, by those of art, 
referenceshereinto a layer formed "on" a substrate or other layer may re er to the 
tey er formed directly on me substrate or other layer or on . intervening lay* or 
ieyers formed on the subsume or other layer. I. will also.be approved by mose 
in me art drat references to a structure or feature mat is disposed adjacent 
,5 another fearure may have portions mat overlap or underne the adjacent featin. 
Embodiments of the present invention may provide contacte for a mtiade- 
based device throng a regrowm process that provides recesses for formation of tite 
contacts through a thin cap layer. Byproviding recesses for tire contacts, reduced . 
ennea. temperatines may be used or an anneal may be avoided. Addrtionauy, low 
30 contact resistances maybe achieved. Furthermore, by using a regrowth process FdE 
" may also be avoided. Tuns, certain embodiments of me present invention may 
provide improved reproducibility and uniformity. Furthermore, because of the 
elective area grow* of layers, higher strain layers may be provided without cradong. 
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Embodiments of the present invention may be particularly well suited for use 
in nitride-based HEMTs such as Group Id-nitride based devices. As used herein, the. 
tenn "Group m nitride" refers to those semiconducting compounds formed between 
nitrogen and the elements in Group III of the periodic table, usually aluminum (Al), 
5 gallium (Ga), and/or indium (In). The term also refers to ternary and quaternary 
compounds such as AlGaN and AlInGaN. As is well understood by those in this art, 
the Group IH elements can combine with nitrogen to form binary (e.g., GaN), ternary 
(e.g., AlGaN, AITnN), and quaternary (e.g., AlInGaN) compounds. These compounds 
all have empirical formulas in which one mole of nitrogen is combined with a total of 
10 one mole of the Group m elements. Accordingly, formulas such as Al x Gai. x N where 
0 < x < 1 are often used to describe them. 

Suitable structures for GaN-based HEMTs that may utilize embodiments of 
the present invention are described, for example, in commonly assigned U.S. Patent 
6,316,793 and U.S. application serial no: 09/904,333 filed July 12, 2001 for 
15 "ALUMINUM GALLIUM NITRIDE/GALLIUM NITRIDE HIGH ELECTRON 
MOBILITY TRANSISTORS HAVING A GATE CONTACT ON A GALLIUM 
NITRIDE BASED CAP SEGMENT AND METHODS OF FABRICATING SAME," 
U.S. provisional application serial no. 60/290,195 filed May 11, 2001 for "GROUP IH 
NITRIDE BASED HIGH ELECTRON MOBILITY TRANSISTOR (HEMT) WITH 
20 BARRIER/SPACER LAYER" and United States Patent Application Serial No. 

10/102,272, to Smorchkova et al, entitled "GROUP-HI NITRIDE BASED HIGH 
ELECTRON MOBILITY TRANSISTOR (HEMT) WITH BARRIER/SPACER 
LAYER" the disclosures of which are hereby incorporated herein by reference -in then- 
entirety, i 
25 Fabrication of embodiments of the present invention is schematically 

illustrated in Figures 1A-1E. As seen in Figure 1A, a substrate 10 is provided on 
which nitride based devices may be foimed. In particular embo dim ents of the present 
invention, the substrate 10 may be a semi-insulating silicon carbide (SiC) substrate 
that may be, for example, 4H polytype of silicon carbide. Other silicon carbide 
30 candidate polytypes include the 3C, 6H, and 15R polytypes. The tenn "semi- 
insulating" is used descriptively rather than in an absolute sense. In particular 
embodiments of the present invention, the silicon carbide bulk crystal has a resistivity 
equal to or higher than about lxl 0 J Q-cm at room temperature. 
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■ Option buffer, nucleate and/or transition layers (no, shown) may be 
^deoon^e^XO.Fonex^anAWbufferiay.^ybe^dedto . 

provide . appropriate crystal suucture fiction between tie silicon carb.de 

md fire remainder of the device. Additionally, suain balancmg transtbon 
iayerls) may also be provided as described, for example, in commonly 
United States Paten. Appbcarion Serial No. 10,199,786, filed My 19. 20 -d 
Led "S TRAIN BALANCED NITRIDE HETROJUNCTION TRANSISTORS 
AND METHODS OF FABRICATING STRAIN BALANCED NITRIDE 
■HETF^OIUNCTIONTRANSISTORE.andUni.edS.atesFrovis^lPat^ 

ApphcauonSeridNo.dO^^.filed December;, 2001 andenbtled STRAIN 
BALANCED NITRIDE HETEROIUNCTION TRANSISTOR," ft. disclosures of 
^ebsremcorporatedbereinbyreferenceasifsetfordafnllyberent. 

■ silicon carbide baa a much closer crystal lattice match to Group M mtndes 
^ does sappbire (AI2O3), which is a very connnon substrate material for Group m 
; nidide devices. Tbe closer lattice match may resuit in Group Blnitrrde films of 
fcgher ,uafity titan tiaose generally available on sappbire. Silicon carbrde alphas 
very high thermal conducbvity so mat the total output power of Group HI nrtnde 
devicea on silicon carbide is, typically, not as bmited by tberrual dissipation o the 
S nbs«a.e as in uae case of tbe same devicea formed on sappbire. Also, tfie —My 

reduced parasitic capacitance. Appropriate SiC substrates are manufactured by for 
example, Cree, mo, of T^bam, N.C., the assignee of me present ^ventron, an ^ 
m ethods forproducing are described, for example, inU. S. FatentNos. R . W 
4 946 547; 5,200,022; and 6,218,680, me contents of wbicb are urcorporated hereby 

nitrides bave been described in, for example, U. S. Patent Nos , 

5,523,589; and 5,292,501 , me content, of wbicb are also incorporated berem by 

reference in their entirety. t 

Alfhouah silicon carbide may be tbe preferred substrate matenal, 
30 embodiments o"f fire present invention may utilize any suitable substiate such as 

sapp hire, aluminum mtride, aluminum gallium nitrrde, gallium ^ ***** 
L Z, ZnO, LAO, InP and tire Bee. In some embodiments, an appropnate buffer layer 

also may be formed. 
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Returning to Figure 1A, a channel layer 20 is provided on the substrate 1 0. 
The channel layer 20 may be deposited on the substrate 10 using buffer layers, 
transition layers, and/or nucleation layers as described above. The channel layer 20 
may be under compressive strain. Furthermore, the channel layer and/or buffer 
nucleation and/or transition layers may be deposited by MOCVD or by other 
techniques known to those of skill in the art, such as MBE or HVPE . 

In some embodiments of the present invention, the channel layer 20 is a Group 
m-nitride, such as Al^a^N where 0 <x < 1, provided that the bandgap of the 
"channel layer 20 is less than the bandgap of the first cap layer 22. In certain 
embodiments of the present invention, x = 0, indicating that the channel layer 20 is 
GaN. The channel layer 20 may also be other Group m-nitrides such as InGaN, 
AllhGaN or the like. The channel layer 20 may be undoped ("unintentionally doped") 
and may be grown to a thickness of greater than about 20 A. The channel layer 20 
may also be a multi-layer structure, such as a superlattice or combinations of GaN, 
AlGaN or the like. 

A first cap layer 22 is provided on the channel layer 20.' The channel layer 20 
may have a bandgap that is less than the bandgap of the first cap layer 22. The first 
cap layer 22 maybe deposited on the channel layer 20. In certain embodiments of the 
present invention, the first cap layer 22 is A1N, AlInN, AlGaN or AUnGaN with a 
thickness of between about 1 and about 10 nm. Examples of cap layers according to 
certain embodiments of the present invention are described in United States Patent 
Application Serial No. 10/102,272, to Smorchkova etai, entitled " GROUP-HI 
NITRIDE BASED HIGH ELECTRON MOBILITY TRANSISTOR (HEMT) WITH 
BARRIER/SPACER LAYER" the disclosure of which is incorporated herein by 
reference as if set forth fully herein. In particular embodiments of the present 
invention, the first cap layer 22 is thick enough and has a high enough Al composition 
and doping to induce a significant carrier concentration at the interface between the 
channel layer 20 and the first cap layer 22 through polarization effects when the first . 
cap layer 22 is buried under ohmic contact metal. Also, the first cap layer 22 should 
be thick enough to reduce or minimize scattering of electrons in the channel due to 
ionized impurities deposited at the interface between the first cap layer 22 and a 
second cap layer 24. 
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The first cap layer 22 may be a Group ID-nitride and has a bandgap larger than 
to, of the channel layer 20. Accordingly, in certain embodiments of the present 
invention, to first cap layer 22 is AlGaN, AJInGaN and/or AW or combinatrons of 
layers toxeof . The firs, cap layer 22 may, for example, be from abou, 1 to about 
5 „m thick, but is not so thick as to cause cracking or substantial defect formation 
torein -Preferably, to firs, cap layer 22 is undoped or doped with an n-type dopant 
,o a concentration less man about 10" cm"'. In some embodiments of the present 
invention, the first cap layer 22 is AU*Jt where 0 < x < 1 . m such embedments, 
■to firs, cap layer 22 may be from abou, 3 to abour 1 5 nm took In parttcular 
0 embodiments, to aluminum concentration is abou, 25%. However, in Cher 

embodiments of the present invention, die first cap layer 22 comprises AlGaN with an 
atamrnum concentration of between abou, 5% and abou, 100%. In specific . 
atoodnnents of to present invention, to alurmnum concentration is greater ton 
ahou, 10%. fir embodiments of topresen, invention where to firs, cap layer 2 
« comprises an A1N layer, to thickness of to first cap layer 22 may, for example, be 
from about 0.3 nm to abou, 4 nm. 

Figure IB illustrates formation of amask 30 on to first cap layer 22. The 
^ 30 is formed on regions of to firs, cap iayer 22 on which ohmic contacts wfil 
subsequently beformed. In eertato embodiments of topresen, invention, to :mask 
,0 30 is slightly smaller ton a size of to contact ,o be formed on to region of to firs. 
" cap layer 22 corresponding to to mask 30 to aUow for overiap of to ohm, contacts 
. onto to additional layers .0 compensate for variations in alignment. 

As illus.ra.ed in Figure IB, to wafer of Figure 1A may be removed from the 
eoi reactor and pa«emed,wi<h a mask material 30 over to desired recess areas. The 
25 maskmateria! 30 shouldbe abletowito^nd to ^ temperature of subsequent 
jessing, including the formation of a second cap layer 24 aa described below, ha 
certain aanbodiments of to present invention, to mask 30 is patterned usmg hfi-off 
techniques to reduce or minimize fiance or residue on to top of to firs, cap kryer 
22 Alternatively, awe, etch couldhe utilized to pattern to mask 30. Awetetohmay 
30 be preferable for patterning over a dry etohto reduce damage to to top of to first cap 
layer 22 Inaomeembodimen e ,tomaskma,erial30isremovablewimawe,e,ch 

tot is highly selective relative to to firs, cap !ayer 22 and subsequently formed 
iayers In certain embodiments of to present invention, SiOx is to maskmatenai, 
aJtough other materials, such as AM and SiNx based materials, may also be used. 
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The use of AJN based materials as the mask material may improve stability and 
reduce n-type doping from silicon and oxygen of the SiOx. If AINx is used, it should 
be of such quality that it can be removed with selective wet etches. 

As illustrated in Figure 1C, after formation and patterning of the mask 30 so 
5 as to leave the mask material in the regions where recesses are to be formed for the 
ohmic contacts, a second cap layer 24 is formed on the exposed regions of the first 
cap layer 22. For example, the wafer of. Figure IB may be put back into the epi 
reactor for deposition of the second cap layer 24. The first cap layer 22 and the 
second cap layer 24 may be the same or different materials and have the same or 
10 different compositions. For example, the first cap layer 22 may be A1N and the 

second cap layer 24 may be AlGaN or GaN. Furthermore, the first cap layer 22 and 
the second cap layer 24 may be AlGaN with a higher concentration of Al in the first 
cap layer 22 than in the second cap layer 24. The total thickness of the first cap layer 
22 and the second cap layer 24 may be about 25 nm. The thickness of the first cap 
1 5 layer 22 and the second cap layer 24 together should be thick enough and have 

enough Al to obtain the desired electron density but not so thick or high enough Al so 
as to cause cracking or substantial dislocation formation. 

Alternatively, selective growth of the second cap layer 24 may be provided by 
providing a layer on which the material of the second cap layer 24 does not form 
20 during the growth/deposition process. For example, a mask could be a thin layer that 
may be removed by reactive ion etching (RIE). Alternatively, the mask may be a 
conductive material, such as a metal or other conductive material, such as TaN or 
TiN, upon which an ohmic contact may be subsequently formed and, therefore, 
removal of the mask may be unnecessary. In other embodiments, the mask may be 
25 formed at an area in which a gate is to be formed, and may comprise an insulating 
material that may be left (or only partially removed) and used as a gate insulating 
layer upon which a gate contact is formed. 

The pre-pattemed regrowth of the second cap layer 24 may also limit cracking 
in the regions of the second cap layer 24 in the gate/channel regions as the dimension 
30 of deposition across the channel/gate regions may be relatively small in comparison to 
a blanket deposition of the second cap material, hi particular, the layers may have a 
length across the gate/channel regions (e.g., the distance between the masks 30) on the 
order of a few microns (e.g., about 0.2 to about 10 microns) and a width of up to 
several hundred microns (e.g., about 10 microns to about 500 microns). In certain 

10 
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of *e pres- hrvention, «. shape, pensions, and/or «Mo 
^^o^ep^fcr^^o^seco^cap^^^s^to 

« or maximize *e aflowab.e and Al composition and, therefo * . 

^ eonceudatiom The regton of *e second cap ,ayer 24 may be made 
mm me typical crac, spacing f<* a given Urtrt cap layer to reduce or preve* any 
^gwithmmepattemedregiom Also, in some embodiments, the onentanon 

Lc directions of me crystal to minhnize nucleation of craCs as may prefer to star, 
orthogonal tome edges. Furthermore, in certain embodiments of me present 

second electron channel forms at me regrow* interface between the first 

cap layer 22 and the second cap layer 24. 
' orowmcondidonsformesecondcplayer^maybechosentoprev^ 

excessive decomposition of mas, 30. Also, any deposition on mas, SO ts ^ 
l5 Continuous enough to aUow forget etching to effectively remove 
_ oeposidon above. Prefer*, deposition is no, selecdve so *e 
Illial of me second cap layer 24, such as an AlGaN composttion, and tindmess 
"^lover^reglon.A^iformcon^oainonand^easmaybe amoved 

Dy using reladvely low grow* temperatures and/or more stable masfc upon whtch 
, 0 «nue 1 eu,e,,,low^AM X va.SiO X ). However ^ 
n o, be so comple,e so as m form a continuous layer on me mas, 30 so as * « 
Loval of J—: 30. If.—* is selecdve, dren me mas, 30 should be srzed 
to reduce and/or hmi, deport ftom me mas* region to the grow* 

Flgure „ musda.ee *e formation of addition* layers 26. The add-on* 
, 3 ,ayer S 26maybedepo S itedeid 1 ermtheepireac to rorex.ema 1 ly. Because *e olmn 
regions are aheady gomg ,o be opened, sneh additions! layers * may tndude 
Z cap Uyers, as for example, descnbed hr Yn e, a!., "Soho^banrer engmeomg 

-0 "ALUMINUM GALLIUM NITRIDE/GALLIUM NITRIDE HIGH ELECTRON 
MOHrLTTTTRANSISTORS HAVING A GATE CONTACT ON A GALLIUM 
Nn^^EBA^D^CAP SEGMENT AND METHODS OF FABWI^TWGSAME, 1 ' 
ft. disdosures of which are incorporated herein by reference asrfse, .or* My 
hOT m. in some embodiments, msulating layers such as SiNx, or datively hrgh 
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quality A1N may be deposited for making a MISHEMT, passivating the surface, 
and/or encapsulating the second cap layer 24 during future processing. The additional 
layers 26 may also include a compositionally graded transition layer on the first 
and/or second cap layers 22 and/or 24. The additional layers 26 may be deposited in 
the epi reactor directly after formation of the second cap layer 24 which may allow for 
improved control of the interface and surface states between the second cap layer 24 
and the additional layers 26. Furthermore, because the region of the additional layers 
26 has the same smaller region patterning as the second cap layer 24, these layers may 
'also benefit from reduced cracking even if the tensile strain is increased by the 
additional layers 26. 

Figure, IE illustrates removal of the mask 30 and formation of the ohmic 
contacts 40 in the recesses defined by (i.e., adjacent) the second cap layer 24. The 
ohmic contacts 40 may be fabricated as described in U.S. Patent No. 6,3 16,793. The 
ohmic contacts 40 are formed on the first cap layer 22. The ohmic contacts 40 on the 
first cap layer 22 may be annealed at a relatively low anneal temperature. For 
example, in certain embodiments of the present invention, anneal temperatures of 
from about 400 to about 800 °C may be used. In other embodiments of the present 
invention the anneal step may be eliminated. Thus, the o hmi c contacts 40 may be 
provided without the need for high anneal temperatures or to etch the Group HI- 
nitride materials of a cap layer. The transistor may be further completed by addition 
of a gate 28 and/or gate structure, passivation or other such additional processing as 
known to those of skill .in the art. 

The first and/or second cap layer(s) 22 and 24 may- also be provided with 
multiple layers as described in United States Patent Application Serial No. 
10/102,272, to Smorchkova et aL, entitled "GROUP -HI NITRIDE BASED HIGH 
ELECTRON MOBILITY TRANSISTOR (HEMT) WITH BARRIER/SPACER 
LAYER" the disclosure of which is incorporated herein by reference as if set forth 
folly herein. Thus, embodiments of the present invention should not be construed as 
limiting the first and/or second cap layers to a single layer but may include, for 
example, barrier layers having combinations of GaN, AlGaN and/or A1N layers. For 
example, a GaN, ADST structure may be utilized to reduce or prevent alloy scattering. 
Thus, embodiments of the present invention may include nitride based hairier layers, 
such nitride based barrier layers may include AlGaN based barrier layers, A1N based 
barrier layers and combinations thereof. 
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' Optionally, the ohmic regions may be implanted with an n-type dopant such as 
Si to further reduce contact resistance. If done before the regrowth, the regrowth . 
could serve as the anneal step and/or a higher temperature anneal could be done 
before the last regrowth layer is deposited so that the final surface would not be 
5 affected by the high temperature anneal. For example, the first cap layer 22 may be 
formed of a thin AlGaN and a mask deposited and patterned to provide an implant 
maskwith openings over the ohmic contact regions and to add alignment marks. A 
dopant, such as Si (or O, Ge, etc.) is implanted and the implant mask removed. The 
•regrowth mask is then deposited and patterned to cover the ohmic contact regions and 
10 theaUgomentmarks. The resulting structure may be annealed (-1 100 °C in inert or 
NH 3 based gas) and an AlGaN layer formed. The regrowth mask is removed and the 

ohmic contacts formed. 

Figure 2 illustrates an exemplary transistor according to some embodiments 

a c. popn -in TTioiiTe 2 an ATN buffer layer 12 is formed on a 
of the present invention. As seen an .figure z, an ^ j 

IS high purity semi-insulaling (HPSI) 4H SiC substrate 10'. The buffer layer 12 may be 
intrinsic or undoped AW that is about 0.2 urn and the substrate 10' raay be about 400 
urn thick. The channel layer 20' is on the buffer layer 12 and may be an undoped 
GaN layer having a thickness of about 2 un, The first cap layer 22' is on the channe 
iayer 20' and may be an undoped AlGaN layer with an Al concentration of about 25% 

*>0 and a thickness of about 5 urn. 

The second cap layer 24' is selectively grown utilizing a mask as described 
above as a doped AlGaN layer, intentionally or otherwise, with, an Al concentration of 
about20% and doped with an n-type dopant such as Si to a concentration of about2 
X 10- cm- 2 total. The second cap layer 24'. may have a thickness of about 10 nm. An 
.5 additional layer 26' is selectively grown utilizing a mask as described above as an 
undoped AlGaN with an A concentration of about 20% is also provided on the 
second cap layer 24'. The additional layer 26' may have a thickness of about 10 nm. 
Ohmic contacts 40 are formed in the recesses adjacent the second cap layer 24' and 
the additional layer 26'. A gate contact 28' may be formed on the additional layer 26'. 
30 Figure 3 illustrates an exemplary transistor according to some embodiments 

ofmepres^entmventionutilizmgan^barrierlayer. As seen in Figure 3, the 
substrate, the ATN buffer layer 12 and the channel layer 20' may be provided as 
described above with reference to Figure 2. The first cap layer 22" is on the channel 
layer 20' and may be an undoped ATN layer having a thicknessof about Inm. 
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The second cap layer 24" is selectively grown utilizing a mask as described 
above as an undoped AlGaN layer with an Al concentration of about 20%. The 
second cap layer 24 11 may have a thickness of about 20 run. Ohmic contacts 40 are 
formed in the recesses adjacent the second cap layer 24 A gate contact 28" may be 
formed on the second cap layer 24", 

-Figure 4 illustrates an exemplary transistor according to some embodiments 
of the present invention where the selective regrowth is utilized to provide a recessed 
gate structure. As seen in Figure 4, the substrate, the A1N buffer layer 12 and the 
'channel layer 20' may be provided as described above with reference to Figure 2. 
The first cap layer 22 Mt is on the channel layer 20* and maybe an undoped AlGaN 
layer with ah Al concentration of about 25% and a thickness of up to about 25 nm. 

The second cap layer 24™ is selectively grown utilizing a mask as described 
above except the mask is used to mask the gate region of the device. The second cap 
layer 24"' may be an undoped AlGaN layer with an Al concentration of about 20%. 
The second cap layer 24 fM may have a thickness of about 5 nm. An additional layer 
26 M is selectively grown utilizing a mask as described above as a doped AlGaN layer 
doped n-r, for example, doped to a carrier concentration of from about 10 18 to about 
10 20 cm" 3 . The additional layer 26" may have an Al concentration of about 20%. The 
additional layer 26 TT may have a thickness of about 10 nm. Ohinic contacts 40 ! are 
formed on the additional layer 26". A gate contact 42 may be formed on the first cap 
layer 22 nt in the recess formed by the second cap layer 24™ and the additional layer 
26". 

Figure 5 shows a transistor according to further exemplary embodiments of 
the present invention, in which gate and ohmic contacts are both formed in regrown 
recesses. A channel layer 520 and a first cap layer 522 maybe formed on a substrate 
510 as described above (it will be appreciated that the substrate 510 may include 
buffer layers and/or other layers). The first cap layer 522 may be masked to expose 
portions of the first cap layer 522, and second cap layers 524 may be formed on the 
exposed portions. The mask may then be removed to leave recesses adjacent the 
second cap layers 524. Ohmic and gate contacts 540 and 528 may be formed in the 
recesses, as shown. 

Figure 6 shows a transistor according to other exemplary embodiments of the 
present invention, in which gate and ohmic contacts are both formed in regrown 
recesses, but on different nitride-based layers. A channel layer 620 and a first cap 
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Isver IP maybe masked to expose a portion of the ft* cap layer 622. A econd cap 
J l^eseco^c^^m^spaceaapanpo^o^e^ 

l b* exposed. Additional layers 62Smay be formed on these exposed portions 
dlybere.ovedto^erecesses.at expose ^ snd second porno, of 
renrs.c^layer622andaportionof«hesecondoapla y er624. Ohmrcand g ate 

' the order of masldng and contae. formation operations may be ^ 

fa me drawings and specification, mere have been drsclosed typrcal ^ 
raiment, of me mvention, and, « spemtic terms have been emp oyed, mey 
Tve been used in a generic and descriptive sense only and no, for ptoses of 
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1 . A method of fabricating a transistor, the method comprising: 
forming a nitride-based channel layer on a substrate; 
forming a nitride-based semiconductor first cap layer on the nitride-based 
channel layer; 

5 forming a mask that covers a first portion of the first cap layer and exposes an 

adjacent second portion of the first cap layer; 

forming a nitride-based semiconductor second cap layer on the exposed 
second portion of the first cap layer using the mask; 

forming a recess on the first portion of the first cap layer adjacent the second 
1 0 cap layer; 

forming one of an ohmic contact or a gate contact in the recess; and 
forming a corresponding gate contact or ohmic contact on the substrate. 



2. A method according to Claim 1, wherein forming a corresponding gate 
contact or ohmic contact comprises forming the corresponding gate contact or ohmic 
contact on the second cap layer. 

3 . A method according to Claim 1 : 
wherein the mask comprises a conductive material; 

wherein forming a recess comprises forming' a recess exposing the mask; and 
wherein forming one of an ohmic contact or a gate contact comprises forming 
one of an ohmic contact or a gate contact on the mask in the recess. 



4. A method according to Claim 1 : 
25 wherein the mask comprises an insulating material; 

wherein forming a recess comprises forming a recess exposing the mask; and 
wherein forming one of an ohmic contact or a gate contact comprises for min g 
a gate contact on the exposed mask. 

30 5. A method according to Claim 1 : 

wherein forming a recess comprises removing the mask to expose the first 
portion of the first cap layer and to form a recess adjacent the second cap layer; and 

16 
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wtoi n fomnn g one of - onnnc contact or a S a,e contact co^s « - 
« of an otanic contact or a S a,e contact on too exposed pemon o, *e nrst cap Uyer. 

6 A method according to Claim 1 : 
5 ^pot.onsoftnen.ato^ayetan^cxposeaaseconapotnonoftne^cap . 

10 "^l^o^oncofanonnnccontacto.a.atecontactcon.p^^ 

-rrr— r^i — — — ■ 

forming a gate contact in the second recess. 

15 . 
7 A method according to Claim l: 

Lontfonnin.an.^ascdcnaono.^conapnscsfotnnn.a^rn- 
^ ^'oin fonnins a nMde-oased senncondnctor « cap lay* conges 

growing a Group-ffl nitride layer. 

a- tnriaim 7 wherein the channel layer has a 
o A method according to Claim /, wnci 

layer is less than the bandgap of the first cap layer. 

x to Claim 7 wherein the channel layer comprises 

9 A method according to Claim / , wn« 

GaN, InGaN, and/or AHnGaN. 

10 Amcthodaccn^^ClataV.wncxcinthechanneUayoxcompnaes 
m m doped layer havin g a thickness of (neater than about 20 A. 



,0 
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11- A method according to Claim 7, wherein the channel layer comprises a 
superlattice and/or a combination of Group Hi-nitride layers. 

12. A method according to Claim 7: 

5 - wherein the channel layer comprises aluminum gallium nitride (AlGaN), 

gallium nitride (GaN), indium gallium nitride (InGaN), and/or aluminum indium 
gallium nitride (AlInGaN); 

wherein the first cap layer comprises aluminum nitride (A1N), aluminum 
"indium nitride (AHnN), AlGaN, GaN, InGaN, and/or AlInGaN; and 
10 wherein the second cap layer comprises aluminum nitride (A1N), AUnN, 

AlGaN, GaN, InGaN, and/or AlInGaN. 

13. A method according to Claim 7, wherein the first cap layer comprises 
AM, AUnN, AlGaN, and/or AlInGaN, and has a thickness of 1 nm to about 10 nm. 

15 

14. A method according to Claim 7, wherein the first cap layer is undoped 
or doped with an n-type dopant to a concentration less than about 10 19 cm' 3 . 

15. A method according to Claim 7, the first cap layer comprises Al x Gai. 
20 X N wherein 0 < x < 1. 

16. A method according to Claim 1 5, wherein the first cap layer has a 
thickness of about 3 nm to about 15 nm. 

25 17. A method according to Claim 7, wherein the first cap layer comprises 

AlGaN with an aluminum concentration of between about 5% and about 100%. 

18. A method according to Claim 17, wherein the first cap layer has an 
aluminum concentration greater than about 10%. 



30 



19. A method according to Claim 7, wherein the first cap layer comprises 
an A1N layer having a thickness of about 0.3 nm to about 4 nm. 
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■ 20. A method according to Claim 7, wherein the channel layer has a lower 
bandgap than the first cap layer. 

2 i A method according to Claim 1 , wherein forming a mask comprises 
5 patterning a mask layer using one of a lifi-ofi technique or a wet-etch technique. 

22 A method according to Claim 1 . wherein forming a mask comprises a 
forming the mask from a silicon oxide (SiOx), a silicon nitride (SiNx) or an AM- 
'based material. 

10 2 3. A method according to Claim 1, wherein the second cap layer 

comprises the same material as the first cap layer. 

94 A method according to Claim 23, wherein the first and second cap 
! 5 layers comprise AlGaN, and wherein me first cap layer has a higher concentrate of 
Al than the second cap layei. 

25. A method according to Claim 24, wherein a combined thickness of the 
first and second cap layers is about .25 nm. 

20 

26 Amefhod according to Claim 1, wherein to second cap layer has an 
orison such tat terminating edges of to second cap layer are no. orthogonal to 
preferred crystal crack directions. 

27 A method according to Claim 1 , wherein the second cap layer has an 
Al compositionbelow a level at which a substantial second electron channel forms at 
a regrowth interface between the first cap layer and the second cap layer. 

28. A method according to Claim 1, further comprising forming an 
30 additional layer on the second cap layer. 

79 A method according to Claim 28, wherein the additional layer 
comprises at least one of a GaN cap layer, an insulating layer, and a composition^ 
graded transition layer. 
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30. A method according to Claim 1, wherein the first and second cap layer- 
each comprise multiple layers, 

5 3 1 . A method according to Claim 1 , wherein at least one of the first and 

second cap layers comprises a nitride-based barrier layer. 

32. A method according to Claim 1, further comprising implanting an 
■ohmic contact region of the first cap layer with an n-type dopant before forming the 

1 0 contact in the recess. 

33. A method according to Claim 32, wherein implanting an ohmic contact 
region comprises implanting the ohmic contact region before the growth of the second 
cap layer. 
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34. A method according to Claim 1, wherein forming a nitride-based 
channel layer is preceded by forming a buffer layer on the substrate, and wherein 
forming a nitride-based channel layer comprises forming the nitride-based channel 
layer on the buffer layer. 



35. A method according to Claim 1 : 

wherein forming a nitride-based channel layer is preceded by forming a buffer 
layer on a substrate; 

wherein forming a nitride-based channel layer comprises forming a Group III- 
25 nitride channel layer on the buffer layer; 

wherein forming a nitride-based semiconductor first cap layer comprises 
forming a Group m-nitride first cap layer on the channel layer, the first cap layer 
having a bandgap greater than the channel layer; 

wherein forming a mask comprises forming a mask covering spaced-apart first 
30 portions of the first cap layer and exposing a second adjacent portion of the first cap 
layer between the first portions; 

wherein growing a nitride-based semiconductor second cap layer comprises 
growing a Group m-nitride second cap layer on the exposed second portion of the 
first cap layer; 

20 
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w^^meflaod^cc^esforxdngatedse.nconductorlayeroB ■ 

the second cap layer, • 

wherein forming a recess comprises removing the mask to form recesses that 

expose the first portions of the first cap layer; 
5 wherein forming one of an ohmic contact or a gate contact compnses forming 

respective ohmic contacts in the recesses; and 

. wherein forming a corresponding gate contact or ohmic contact compnses 
forming a gate contact on the third semiconductor layer. 

1 0 36 A method according to Claim 3 5 : 

wherein the substrate comprises a high purity semi-insulatmg (HPS) 4H 
silicon carbide (SiC) substrate having a thickness of about 400 um ; 

wherein the buffer layer comprises an inrrinsic or undoped A1N layer having a 

thickness of about 0.2 um; + t,;„w« 
wherein the chamael layer compnses an undoped GaN layer bavmg a thtckness 

of about 2 um; . . A i 

wherein the firs, cap layer compnses a, undoped AlGaN layer with an Al 

concentration of about 25% and a thickness of about 5 tun; 

wherein the second cap layer comprises an u-doped AlGaN layer with an Al 
concenhanon of about 20% , a dopant concentration of abou, 2 X 10 cm"", and a 

thickness of about 10 nm; and . 

wherein the third semiconductor layer comprise, an undoped AlGaN layer 
with an Al concentration, of abou, 20% and a thickness of about 10 mm 

37 A method according to Claim 35: 

herein the substrate comprises a high purity semi-insulating (HPSI) 4H &G 
substrate having a thickness of about 400 um ; ' 
wherein the buffer layer comprises 

thickness of about 0.2 um; ... . ce 

wherein me channel layer comprises an undoped GaN layer havtng a thtckness 

^ ^whriL the fix,, cap layer compnses an undoped AW layer having a thicks 
of about 1 nm; 

21 



20 



25 



an intrinsic or undoped A1N layer having a 



WO 2004/008495 



PCT/US2003/021895 



wherein the second cap layer comprises an undoped AlGaN layer with an Al . 
concentration of about 20% and a thickness of about 20 run. 

38. A method according to Claim 1 : 

5 wherein forming a nitride-based channel layer is preceded by forming a buffer 

layer on a substrate; 

wherein forming a nitride-based channel layer comprises forming a Group Hi- 
nitride channel layer on the buffer layer; 

wherein forming a nitride-based semiconductor first cap layer comprises 
1 0 forming a Group El-nitride first cap layer on the channel layer, the first cap layer 
having a bandgap greater than the channel layer; 

wherein forming a mask comprises forming a mask covering a first portion of 
the first cap layer and exposing second portions of the first cap layer on opposite sides 
o f the first portion; 

1 5 wherein growing a nitride-based semiconductor second cap layer comprises 

growing Group ffi-nitride second cap layers on respective ones of the exposed second 
portions of the first cap layer; 

wherein the method further comprises forming respective third semiconductor 
layers on the respective second cap layers; 
20 wherein forming a recess comprises removing the mask to expose the first 

portions of the first cap layer; 

wherein forming one of an ohmic contact or a gate contact comprises forming 
a gate contact on the exposed portion of the first cap layer; and 

wherein forming a corresponding gate contact or o hmi c contact comprises 
25 forming respective ohmic contacts on the third semiconductor layers. ■ 

39. A method according to Claim 38 : 

wherein the substrate comprises a high purity semi-insulating (HP SI) 4H SiC 
substrate having a thickness of about 400 \xm ; • 
30 wherein the buffer layer comprises an intrinsic or undoped A1N layer having a 

thickness of about 0.2 fim; 

wherein the channel layer comprises an undoped GaN layer having a thickness 
of about 2 p.m; 

22 
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■ wherein the first cap layer comprises an undopedAlGaN layer having a • 
thickness of about 25 nm and an aluminum concentration of about 25%; 

wherein the second cap layers comprises undoped AlGaN layers having a 
thickness of about 5 nm and an duminum concentration of about 20%; 
5 wherein the third semiconductor layers comprise doped AlGaN layers having 

a thickness of about 10 nm and an aluminum concentration of about 20%. 

40. A method according to Claim 1 , wherein forming a nitride-based 
•semiconductor second cap layer comprises growing the second cap layer on the 
10 exposed portion of the first cap layer. 

41 A method according to Claim 1 , where the channel layer and the first 
and second cap layers are configured to provide a High Electron Mobility Transistor 
(HEMT). ' 

15 42 . A method of fabricating a contact for a nitride-based microelectronic 

device, the method comprising; 

forming a nitride-based semiconductor first layer on a substrate; 
forming a mask that covers a first portion of the first layer and exposes an 

20 adj acent second portion of the first layer; 

forming a nitride-based semiconductor second layer on the exposed portion of 

the first layer using the mask; 

forming a recess pn the first portion of the first cap layer adjacent the second 

layer; and 

25 forming a contact in the recess. 

43. . A method according to Claim 42: 
wherein the mask comprises a conductive material; 

wherein forming a recess comprises forming a recess exposing the mask; and 
30 wherein forming a contact comprises forming a contact on the mask in the 

recess. 



44. A method according to Claim 1 : 
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wherein forming a recess comprises removing the mask to expose the first 
portion of the first layer and to form a recess adjacent the second layer; and 

wherein forming a contact comprises forming a contact on the exposed portion 
of the first layer. 

5 

45. A method according to Claim 42: 

wherein forming a nitride-based semiconductor first layer comprises forming a 
• Group m-nitride layer; and 

wherein forming a nitride-based, semiconductor second layer comprises 
1 0 growing a Group-m nitride layer. 

46. - A method according to Claim 42, wherein forming a nitride-based 
semiconductor second layer comprises growing the second layer on the exposed first 
portion of the first layer. 



15 



20 



47. A transistor, comprising: 

a nitride-based channel layer on a substrate; 

a nitride-based semiconductor first cap layer on the nitride-based channel 



layer; 



a grown nitride-based semiconductor second cap layer on the first cap layer; 
an ohmic contact or a gate contact disposed directly on the first cap layer, 
adjacent a sidewall of the grown second cap layer; and 

a corresponding gate contact or ohmic contact on the substrate. 



25 48. A transistor according to Claim 47, wherein the corresponding gate 

contact or ohmic coniact is on the second cap layer. 

49. A transistor according to Claim 46: 

wherein the ohmic contact or gate contact disposed directly on the first cap 
30 layer comprises an ohmic contact disposed directly on the first cap layer, and 

wherein the corresponding gate contact or ohmic contact comprises a gate 
contact directly on the first cap layer. 

50. A transistor according to Claim 47: 
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wherein the nitride-based channel layer comprises a Group Hi-nitride layer, . 
wherein the nitride-based semiconductor first cap layer comprises a Group EI- 
nitride layer; and 

wherein the grown nitride-based semiconductor second cap layer compnses a 
5 grown Group-IE nitride layer. 

51 A method according to Claim 50, wherein the channel layer has a 
composition of Al x Ga, x N wherein 0 < x < 1, and wherein the bandgap of the channel 
layer is less than the bandgap of the first cap layer. 

10 52 . A transistor according to Claim 49, wherein the channel layer 

comprises GaN, InGaN, and/or AlInGaN. 

53. A transistor according to Claim 50, wherein the channel layer 
15 comprises an undoped layer having a thickness of greater than about 20 A. 

54 A transistor according to Claim 50, wherein the channel layer 
comprises a superlattice and/or a combination of Group El-nitride layers. 



20 



55 A transistor according to Claim 50: 

wherein the channel layer comprises aluminum gallium nitride (AlGaN), 
gaffium mtride (GaN), indium gaffium mtride (InGaN), and/or duminurn indmm 
aallium nitride (AlInGaN); 

" wherein the first cap layer comprises aluminum nitride (AIN), aluminum 
indium nitride (AhhN), AlGaN, GaN, InGaN, and/or AlInGaN; and 

wherein the second cap layer comprises duminum nitride (AIN), AlInN, 
AlGaN, GaN, InGaN, and/or AlInGaN. 

56 A transistor according to Claim. 50, wherein the first cap layer 
30 comprises AIN, AImN, AlGaN, and/or AHnGaN, and has a thidcness of 1 nm to about 
10 nm. 
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57. A transistor according to Claim 50, wherein the first cap layer is 
undoped or doped with an n-type dopant to a concentration less than about 10 19 cm 3 . 

58. A transistor according to Claim 50, the first cap layer comprises 
5 Al x Gai. x NwhereinO<x<l. 

59. A transistor according to Claim 58, wherein the first cap layer has a 
thickness of about 3 nm to about 1 5 nm. 

10 60. A transistor according to Claim 50, wherein the first cap layer 

comprises AlGaN with an aluminum concentration of between about 5% and about 
100%. 

61. A transistor according to Claim 60, wherein the first cap layer has an 
1 5 aJuminum concentration greater than about 1 0%. 

62. A transistor according to Claim 50, wherein the first cap layer 
comprises an A1N layer having a thickness of about 0.3 nm to about 4 nm. 



20 



63. A transistor according to Claim 50, wherein the channel layer has a 
lower bandgap than the first cap layer. 



64. A transistor according to Claim 47, wherein the second cap layer 
comprises the same material as the first cap' layer. 

25 

65. . A transistor according to Claim 64, wherein the first and second cap 
layers comprise AlGaN, and wherein the first cap layer has a higher concentration of 
A] than the second cap layer. 

30 66 - A transistor according to Claim 65, wherein a combined thickness of 

the first and second cap layers is about 25 nm. 
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67 A transistor according to Claim 47, wherein the second cap layer has . . 
an orientation such that terminating edges of the second cap layer are not orthogonal 
to a preferred crystal crack direction. 

5 68 A transistor according to Claim 47, wherein the second cap layer has - 

an Al composition below a level at which a substantial second electron channel forms _ 
at a regrowth interface between the first cap layer and the second cap layer. 

69.' A transistor according to Claim 47, further comprising an additional 
10 layer on the second cap layer. 

^-ncrtn Hai-m 69 wherein the additional layer 

70 A transistor according to uiarm oy, . WUCILm 

comprises at least one of a GaN oap layer, an insulating layer, and a compositionally 
graded transition layer. 

71 . Atransistor according to Claim 47, wherein the first and second cap 
layers each comprise multiple layers. 

72. Atransistor according to Claim 47, wherein at least one of the first and 
20 second cap layers comprises a nitride-based barrier layer. 

73 A transistor according to Claim 47, further comprising a buffer layer 
on the substrate, and wherein the nitride-based channel layer is disposed on the buffer 
layer. 

25 

74 A transistor according to Claim 47 : 

wherein the nitride-based channel layer comprises a Group m-nitride channel 

layer on a buffer layer; 

wherein the mtride-based semiconductor first cap layer comprises a Group ffl- 
30 nitride first cap layer on the channel layer, the first cap layer having a bandgap greater 

than the channel layer; 

wherein the grown nitride-based semiconductor second cap layer comprises a 
grown Group m-nitride second cap layer on the exposed second portion of the firsr 
cap layer; 

27 
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wherein the transistor further comprises a third semiconductor layer on the 
second cap layer; 

wherein an ohmic contact or a gate contact comprises respective ohmic 
contacts adjacent opposite sidewalls of the second cap layer; and 

wherein the corresponding gate contact or ohmic contact comprises a gate 
contact on the third semiconductor layer. 

75. A transistor according to Claim 74: 

wherein the substrate comprises a high purity semi-insuJating (HPSI) 4H 
silicon carbide (SiC) substrate having a thickness of about 400 ^m ; 

wherein the buffer layer comprises an intrinsic or undoped A1N layer having a 
thickness of about 0.2 jam; 

wherein the channel layer comprises an undoped GaN layer having a thickness 
of about 2 \im; 

wherein the first cap layer comprises an undoped AlGaN layer with an Al 
concentration of about 25% and a thickness of about 5 nm; 

wherein the second cap layer comprises an n-doped AlGaN layer with an Al 
concentration of about 20% , a dopant concentration of about 2 X 10 12 cm" 2 , and a 
thickness of about 1 0 nm; and 

wherein the third semiconductor layer comprises an undoped AlGaN layer 
with an Al concentration of about 20% and a thickness of about 10 nm. 

76. A transistor according to Cl aim 74: 

wherein the substrate comprises a high purity semi-insulating (HPSI) 4H SiC 
substrate having a thickness of about 400 jim ; 

wherein the buffer layer comprises an intrinsic or undoped A1N layer having a 
thickness of about 0.2 jim; 

wherein the channel layer comprises an undoped GaN layer having a thickness 
of about 2 pm; 

wherein the first cap layer comprises an undoped A1N layer having a thickness 
of about 1 nm; 

wherein the second cap layer comprises an undoped AlGaN layer with an Al 
concentration of about 20% and a thickness of about 20 nm. 
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77. A transistor according to Claim 47: 

wherein the nitride-based channel layer comprises a Group IE-nitride channel 

layer on a buffer layer, 

wherein the nitride-based semiconductor first cap layer a Group m-nitride first 
5 cap layer on the channel layer, the first cap layer having abandgap greater than the 
ch ann el layer; 

wherein the grown nitride-based semiconductor second cap layer comprises 
grown Group M-nitride second cap layers on respective spaced apart portions of the 
•first cap layer; 

10 wherein the transistor comprises forming respective third semiconductor 

layers on the respective second cap layers; 

wherein an ohmic contact or a gate contact comprises a gate contact on a 
portion of the first cap layer between the second cap layers; and 

wherein a corresponding gate contact or ohmic contact comprises respective 
1 5 ohmic contacts on the third semiconductor layers. 

78. A transistor according to Claim 77: 

wherein the substrate comprises a high purity semi-insulating (HPSI) 4H SiC 
substrate having a thickness of about 400 urn ; 
20 wherein the buffer layer comprises an intrinsic or undoped A1N layer having a 

thickness of about 0.2 fim; 

• wherein, the channel layer comprises an undoped GaN layer having a thickness 

of about 2 pm; , 

wherein the first cap layer comprises an undoped AlGaN layer having a 
95 thickness of about 25 nm and an aluminum concentration of about 25%; 

wherein the second cap layers comprises undoped AlGaN layers having a 
thickness of about 5 nm and an aluminum concentration of about 20%; 

wherein the third semiconductor layers comprise doped AlGaN layers having 
a thickness of about 1 0 nm and an aluminum concentration of about 20%. 
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79. A transistor according to Claim 47, wherein the channel layer and the 
first and second cap layers are configured to provide an HEMT. 
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(57) Abstract; Contacts for a nitride 
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fabricating such contacts provide a 
recess through a regrowth process. 
The contacts are formed in the 
recess. The regrowth process 
includes fabricating a first cap 
layer comprising a Group lH-nitride 
semiconductor material. A mask 
is fabricated and patterned on the 
first cap layer. The pattern of the 
mask corresponds to the pattern 
of the recesses for the contacts. A 
second cap layer comprising a Group 
m-nitride semiconductor material 
is selectively fabricated (e.g. grown) 
on the first cap layer utilizing the 
patterned mask. Additional layers 
may also be formed on the second 
cap layer. The mask may be removed 
to provide recess(es) to the first cap 
layer, and contact(s) may be formed 
in the recess(es). Alternatively, the 
mask may comprise a conductive 
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